Introduction
The transition-metal complexes of heterotopic phosphanylthiolato ligands have been widely studied because of their applicability in some interesting reactions, [1] such as S-alkylation/Sdealkylations, [2, 3] carbothiolations, [3] reductions, [4] copolymerizations, [5] or carbonylations. [6] These complexes also have relevance in desulfurization technologies [7] and in understanding the biological pathways of certain sulfur-containing metalloproteins.
[8] For all these applications,t he stereochemistry of these complexes hasp articular importance,a sd ifferent stereoisomersc ould present different behavior in ag iven process. [9] Amonga ll phosphanylthiolato ligands, we are particularly interested in 2-phosphanylalkylthiolato ligandsb ecause they can support ar esolved chiral carboni nt he chelate chain. [10, 11] For group 10 metals (M=Ni, Pd, and Pt), the more abundant 2-phosphanylalkylthiolato complexes are the bis-chelates, [M(ligand-k 2 ]s hows a trans-P,P arrangement, both in solution and in the solid state. [12] Thes ame preferred stereochemistry was proposed for other nickel bis-chelates.
[10c, 12, 13] For [Pd(dppet) 2 ], a trans-P,P geometry in solution was proposed by comparison with the bis[2-(dimethylphosphanyl)ethanethiolato] complexw hich shows characteristicv irtual couplings for the methyl groups in the 1 Ha nd 13 C{ 1 H} NMR spectra. [14] The solid-state structure of [Pd(dppet) 2 ]i sunknown, but a trans-P,P arrangement is supported by the stereochemistry observed in other bis-chelates with chain-substituted ligands. [10a-b, 11a] Contrasting with [Pd(dppet) 2 ], some of these complexes show an equilibrium between the two geometric isomers( cis/trans)i ns olution. [10a, 11a, 13] Also the crystal structure of [Pt(dppet) 2 ](1)i su nknown, and both cis [11a] and trans [10b] geometries in solid state were observed for other platinum bis[phosphanylalkylthiolato] complexes. In solution, a cis-P,P stereochemistry was suggested for 1 because of the absence of NMR virtualc ouplings in some platinum bis[(2-methylphosphanyl)ethanethiolato] analogues, [13, 14] and by the large value of the 1 J PÀPt coupling constant. [14] However,a sw es howed previously,t he 1 J PÀPt criterion is not alwaysi nfallible.
[10b] In keeping
The transition-metal complexes of heterotopic phosphanylthiolato ligands are useful in various reactions which depend on the stereochemistry of the complexes.B is-chelate complex [Pt(SCH 2 CH 2 PPh 2 -k 2 P, S ) 2 ](1)w as obtainedi ng ood yields by direct base-free substitution reaction of the corresponding phosphanylthiol (HSCH 2 CH 2 PPh 2 )w ith K 2 PtCl 4 or by oxidative addition of the same phosphanylthiol to Pt(PPh 3 ) 4 .I na greement with the antisymbiosis rule, complex 1 shows a cis-P,P arrangementi ns olid state crystallizing in the monoclinic system (C2/c). Densityf unctional theory (DFT) calculations on 1 reveal the right characteristics for the preferred cis-P,P arrangement, rationalizing its formation. Direct base-free reaction of [PtCl 2 (1,5-cyclooctadiene) ] with one equivalent of the same phosphanylthiol produce the trinuclearc omplex [PtCl(m-SCH 2 CH 2 PPh 2 -k 2 P, S )] 3 (2)i nstead of the binuclear structure common in palladium and nickel derivatives. Crystalso f2 are triclinic (P1 )s howingasulfur-bridginge dge-sharing cyclic trinuclear complex with square-planar coordination geometry aroundthe platinum atoms and aPt 3 S 3 cycle in skew-boat conformation.T his preference for the trinuclears tructure was rationalized mechanistically and through conceptual DFT.
[a] Dr.J. Duran 3 takes place, and no dimeric palladium complexes were ever detected. [6] This complex shows in solution an equilibriumb etween the two geometric isomerss trongly displaced to the trans-P,P arrangement, but crystallization yields only the major stereoisomer.W hen an alkyl substituent is introduced in the chelate chain, as in the case of 1-(diphenylphosphanyl)butyl-2-thiolato derivative, dissociationo fP Ph 3 andf ormation of the dimeric chlorocomplex, [PdCl(m S -ligand-k 2 P,S)] 2 ,w as described.
[11a] For platinum, only the mononuclear cis-[PtCl(dppet-k 2 P, S )(PPh 3 )] was reported. [16] As part of ap roject on the analysis of the ligand-based stereoelectronic effects that are determinant in the coordination conformations of phosphanylthiolato ligands aroundt he metal, [6, [10] [11] [12] we now reportn ew preparation methods, and the solid state structure, for bis-chelate 1 and fort he unusual trinuclear complex [PtCl(m-SCH 2 CH 2 PPh 2 -k 2 P,S)] 3 (2) . The structures obtaineda re also rationalized mechanistically and through conceptualDFT calculations.
Results and Discussion
Complex 1 was first prepared in moderate yield (52 %) from the reaction of K 2 PtCl 4 and Hdppet in the presence of NEt 3 as ab ase. [14] The potential problems related to the use of the base, [10a] together with the low yield of 1 with this method, prompted us to explore the direct, base-free, procedure. Thus, reactiono fK 2 PtCl 4 with 2equivalents of Hdppeti namixture of methanol/water cleanly afforded bis-chelate 1,w hichw as isolated in 92 %y ield (Scheme 1). Alternatively, 1 can be also obtained by oxidative addition of the phosphanylthiol to Pt(PPh 3 ) 4 and subsequent reductive elimination of hydrogen. In this case, bis-chelate 1 wasi solated in 70 %y ield (Scheme1). According to the 31 P{ 1 H} NMR spectrum, bis-chelate 1 exists as as ingle geometrici someri ns olution, with a 1 J PÀPt coupling constanto f2 810.9 Hz which suggest a cis-P,P arrangement. [14] The cis geometry of bis-chelate 1 in solids tate was confirmed by the X-ray diffraction (XRD) crystal structure.
The XRD study was carried out on ac rystal of 1 obtained from dichloromethane-hexane. Crystald ata for the structure are given in Ta ble 1. Selected bond lengths and bond angles are listed in the caption of Figure 1 . The crystal structure reveals am ononuclear square-planar complex with C 2 symmetry and the platinum atom placed on the rotationa xis ( Figure 1) .
The PtÀSb ond length is similar to those detectedi no ther cis- [16] and trans-bis(phosphanylthiolato) [15] complexes of platinum(II), but the PtÀPi ss horter than those observed in the trans geometries.T he large PÀPtÀPa ngle, nearly 105 8,r esults from the cis orientation of the bulky PPh 2 groups that compress the SÀPtÀSa ngle to about 82 8.T he chelate angle, is in the order of those observed for mononuclear platinum(II) com- plexes with the PPh 2 group of ac helated dppet ligand cis to aP Ph 3 . [16] The observed structural cis preference can be interpreted,i n simple terms, on the basis of the antisymbiosis rule stating that two soft ligands in mutual trans positions have ad estabilizing effect on each other when attached to as oft metal ion. [17] To shed light into this preference for the cis conformation and get more detailed information,w eenvisagedd ensity functional theory (DFT) calculations. For our study,w eu sed the M06 exchange-correlation functional that includes dispersion corrections. M06/TZVP//M06/SVP calculations on complex 1 reveal af avorable energy difference of only 1.3 kcal mol À1 for the cis isomer.T his small difference can be the result of al ow antisymbiotic effect (thiolates and phosphines are both soft bases;f or example, hardness of CH 3 S À and PPh 2 CH 3 are 61.8 and 65.9 kcal mol À1 ,r espectively) and the steric interactions that favor the trans isomer.W hen the thermala nd entropic effects are not introduced,t he energetic preference for the cis arrangement increases to 3.7 kcal mol À1 ,w hich brings the computational results into much better agreement with experimentalo bservations, and reveals ap ossible overestimation by our calculations of the entropic stabilization of the trans isomer as compared to the cis one. The larged ipole momento ft he cis isomer providesl arger solvation energy in comparisonw ith the nonpolar trans isomer. [18] The chemical potentialf or the cis isomer of complex 1 is À70.5 kcal mol À1 whereas it is À66.2 kcal mol À1 for the trans conformation. [19] In agreement with the maximum hardness principle, [20] the chemical hardness of the cis conformation (41.5 kcal mol ). [21] Given the low energy differenceb etween both isomers, we investigated the reaction pathway to get complex 1 from Pt(PPh 3 ) 4 (see Figure 2 ) in the cis and trans conformationstodiscern whether kinetic effects are responsible for the formation of exclusively the cis isomer.F ormationo ft he cis isomer requires the generation of complex V in Figure 2 . These complexes are generatedb ys uccessive substitutions of phosphine by Hdppet ligands. The sequential dissociation of phosphine groups is not energy demanding, providedt hat at least two based phosphorous ligands remain bonded to platinum,e ither in the form of triphenylphosphines or phosphanylthiol ligands. Indeed the bis-phosphine structure is isoenergetic with the bis-Hdppet structure (compare complexes III and VII). This result concurs with the experimental fact that in the presence of ah igh concentration of Hdppetw ith respect to the Pt(PPh 3 ) 4 precursor,t he PPh 3 groups are easily substituted.I na ny case the coordination of the phosphanylthiolato does not occur through the thiolatem oiety,b ut throught he phosphine group.T ake for instancet he coordination of the second molecule of Hdppet to species VIII, from which formation of complex X with the phosphine coordinated to Pt is 20.0 kcal mol À1 more stable than the same complex coordinated through the thiol group. Once complex V is formed, the next dissociation of ap hosphine ligand is not feasible withoutthe oxidative addition of the SÀH bond of the Hdppet ligand into the Pt center to form complex IX.A ctually withoutr emoving the phosphine ligand, from complex V,t his insertion takesp laces throughabarrier of 11.5 kcal mol
À1
.F rom IX,b earing the excesso fH dppet, the exchange of PPh 3 by Hdppet is favored by 1.6kcal mol
,t of orm complex X.T he final step that leads to complex 1 cis from species X takes places through aconcerted transition state that involvesasecond oxidative addition and the reductiverelease of ah ydrogen molecule in ap rocess that requires 25.9 kcal mol À1 . This rather high energy barrieri sp robably somewhat overestimated.T he rate determining step (rds) for the formation of 1 cis corresponds to this last X to 1 cis transformation.
The trans conformation of complex 1 can be formed through different reactionp athways. First, it might be generated directly from the cis conformation,t hat is, complex 1 cis, Figure 2 . Reactionpathways of the conversion of Pt(PPh 3 ) 4 to complex 1 (red:t he values of the transitions tates, relative Gibbs energies in kcal mol À1 ).
ChemistryOpen 2016, 5,51-59
www.chemistryopen.org howevert he barrier to isomerize to the trans conformation is 37.1 kcal mol
.S econd, complex V can also evolve to VII through successive exchange of phosphines by Hdppetl igands.T wo consecutiveS ÀHo xidative additions followed by the reductive release of ah ydrogen molecule in complex VII produce complex 1 trans in ap rocess that has to surmount aGibbs energybarrier of 26.8 kcal mol À1 .The XII to 1 trans process is the rds for the formation of complex 1 trans.T his meanst hat kinetically,t he cis conformation is favored over the trans speciesb y0 .9 kcal mol
.Afinal pathway to form complex 1 trans could be the isomerization of complex VIII to its trans conformation XI,t hat is, the rotation of the hydride by 908.T his transformation requires surpassing ab arrier of 33.0 kcal mol À1 with respecttoI,being the trans isomer 6.4 kcal mol À1 higher in energy.T herefore, this latterp athway can be ruled out. As aw hole, our resultss how that formationo fc omplex 1 cis is both thermodynamically and kinetically favored as compared to complex 1 trans formation.I nb oth cases, the rds corresponds to the last step of the process that involves coordination of the phosphanylthiolato ligand and releaseo faH 2 molecule.
To further evaluatet he preference for the cis isomer for complex 1,i ts phenylg roups were substituted by either methyl or tert-butyl (t-Bu) groups, and then the trans isomer was found to be lower in Gibbs energy by 0.8 and1 5.2 kcal mol À1 ,r espectively.T hese energy values reveal that highly sterically demanding groups like t-Bu impedes the formation of the cis conformation,and the comparison betweenm ethyl and phenyls ubstituents indicates am ajor preference of the cis for the latter substituent because of the p-p stacking between its aryl groups. The structural deformation due to the substituents on the phosphorous is translatedi nto the increase of the PÀ PtÀPa ngle, by 0.4 and1 2.08 with methyla nd t-butyl groups, respectively (see Figure3) .
To explore the possibility to obtain the dinuclear complex [PtCl(m-SCH 2 CH 2 PPh 2 -k 2 P,S)] 2 ,s imilart ot hose observed for nickel [15] and palladium, [10a] the base-free reaction of [PtCl 2 (COD)] (COD = 1,5-cyclooctadiene) with 1e quivalent of Hdppeti nd ichloromethane was performed, affording aq uite insoluble material. According to the 31 
P{
1 H} NMR spectrum,t his solid is formed mainly by two products in a2 /1 ratio. The minor component showsasinglet with ac hemical displacement and a 1 J PÀPt coupling constants imilart ot hose observed for the bis-chelate complex 1.T he major constituent of the mixture also showsasinglet, but at higherf ields and with larger 1 J PÀPt coupling constant.S low evaporation of the NMR solutionso ft his mixture produces am icrocrystal (3 32 mm 3 ) which was studied by XRD. Crystal data for the structure obtained, complex 2,a re given in Ta ble 1. Selected bond lengths and bond angles are listed in the caption of Figure 4 .
The crystal structure reveals as ulfur-bridging edge-sharing cyclic trinuclear complex with square-planar coordination geometry aroundt he platinum atoms ( Figure 4) . Relateds tructures were found for aminoalkylthiolato, [PtBr(m-SCH 2 CH 2 NMe 2 -k 2 N,S)] 3 , [22] phosphanylarylthiolato, [PtI(m-SC 6 H 4 -2-PPh 2 -k 2 P,S)] 3 [23] and [PtI{m-SC 6 H 4 -2-P(1,1'-biphenyl)-k 2 P,S}] 3, [24] and arsanylarylthiolato ligands, [PtI(m-SC 6 H 4 -2-PAs 2 -k 2 As,S)] 3 , [25] but complex 2 is, to our knowledge,t he first example with phosphanylalkylthiolato ligand.
The cis-Cl,P arrangement is in disagreement with the antisymbiosis rule, [17] but the cis-S,S geometry is necessary to build (8) www.chemistryopen.org the six-membered Pt 3 S 3 cycle. This cycle adopts as kew-boat conformation ( Figure 5 ) with each bridging sulfur atom showing one shorter and one longerP t ÀSb ond (Figure 4 ). Similar unsymmetrical bridgings ulfurs were observedi nr elatedc ompounds. [23, 24] The SÀPtÀSa ngles are smaller than PtÀSÀPt ones because of the restriction imposed by the metal square-planar coordination.T wo of the three five-membered chelate cycles adopt a d conformation with both phenylr adicals of the PPh 2 group in ap seudo equatorial position. The third chelate cycle shows a l conformationw hich locates one of the phenyl groups in axial position( Figure 6 ). On the face of the Pt 3 S 3 cycle where this phenyli sp laced, there is no other group that generates steric repulsions, resulting in the most favorable situation. Accordingly, the PtÀPa nd PtÀSd istances are the shortest. The square-planar geometry around platinum is somewhat distorted with ac helate angle slightly reduced from the idealized value of 908.Q uite similard istortions from the idealized geometry are also observed in other platinum(II) complexes with chelated dppetl igands. [16, 26] The intramolecularP t ÀPt distances are greatert han 3.65 s uggesting no metal-metalc ovalent interactions.
Concerning the mechanism of the reaction, as we have observed in this work, the 31 [23] This parallelism, and the crystal structure obtained, allow us to assign the major component of our reaction mixture to complex 2.R egarding the reaction pathway,f ormation of the bis-chelate complex 1 has been postulated as the kinetically favored process, elapsing through am ononuclear intermediate (Scheme 2). [23] The subsequentr eaction of 1 with the mononuclear intermediate and unconverted starting product (path A) can generate at rinuclear intermediate that should isomerize to the final thermodynamic product 2.
This pathway is similar to that proposedf or the formation of [PtI(m-SC 6 H 4 -2-PPh 2 -k 2 P,S)] 3 ,i nw hich the trinucleari ntermediate was identified, and the kinetic product, the bis-chelate, is totally transformed into the ultimate trinuclearc omplex. [23] In present work, the trinuclear intermediate has not been detected, and no interconversion betweenc omplexes 1 and 2 was observed, pointingt oaq uick association of the mononuclear intermediate to give trinuclearc omplex 2 (pathway Bi n Scheme 2).
To understand the trinuclears tructural preference forc omplex 2,D FT calculations werec arried fort his complex and for the hypothetical binuclear intermediate [PtCl(m-SCH 2 CH 2 PPh 2 -k 2 P,S)] 2 ,a sw ell as for any moiety able to link complexes 1 and 2.F irst, the structuralr esults on complex 2 showed good agreement between the experimental and theoretical data. The standard deviation for the bond distances is 0.053 a nd that for the angles is 1.3 8, [27, 28] thus providing confidence in the reliability of the chosen method to reproduce geometries of the studied complexes. Furthermore, althought here is the experimental insight that both mononuclear and trinuclears pecies are diamagnetic, we performed calculations forn eutral closed-shell singlet ground-state structures, but we also checked how far was the lowest-lying excited triplet state. In all cases, the triplet state presented ah igher energy (the difference between these two states for 1 is 31.9 kcal mol À1 ), indicating that the singlet states are the most favored. This is in agreement with the sharp peaks in the NMR spectra. ). Thus this result shows that pathway Bi nvolves relatively low-energy-demanding steps, and it is thermodynamically favored.
Alternatively,i nsteado ft he trinuclear interaction, intermediate d cani nteract withanew Hddpet substrate molecule to yield complex e (Figure 8 ). This complexc an easily be transformed into f after overcoming ab arrier of 8.5 kcalmol
À1
.F inal release of an HCl molecule yields 1 cis complexi naprocess thatis21.4 kcalmol À1 endergonic. On the other hand, fromspecies d,t he trans conformation of 1 mightb ea lsof easible, overcoming ab arrier 17.0 kcalmol
.O ur resultss how thato nce complex d is generated, formation of 2 is kinetically and thermodynamically moref avorablet hano btaining any of the mononuclears pecies 1.T hisr esult is in agreementw itht he principle of maximum hardnesssince the chemical hardness for complex 2 is 7.8 kcalmol À1 higher thanthatofcomplex 1 cis. The dimerizationw as also faced, instead of the trimerization. Althought he process to get the dimeric structures, including www.chemistryopen.org either two chloride or sulfur bridges is barrierless,t hermodynamically it is 30.2 kcal mol À1 less favorable than the formation of the trinuclear structure. On the other hand, the other trinuclear structure proposed as an intermediate in path A (Scheme 2) was also investigated, but located to be 6.6 kcal mol À1 higheri ne nergy than 2.D espite its rather highs tability, its formation requires the formation of complex 1 first, which is ruled out according to the mechanism proposed in Figure 8 .
The substitution of the phenyl groups by methyl or tertbutyl groups on the phosphorousa toms did not change any qualitative trend, and quantitatively all barriers were nearly identical. Thermodinamically,t he energy released with respect to the precursor[ PtCl 2 (COD)] in the formation of 2 is higher when the phenylg roups in the phosphines are substituted by methyl (13.2 kcal mol
)o rtert-butyl (8.7 kcal mol À1 )g roups. This confirms that the nature of phosphine substituents is not determining the feasibility of the formation of trinuclears pecies.
Conclusions
The transition metal complexes of heterotopic phosphanylthiolatol igandsa re importantf or their use in many interesting reactions. In this work, bis-chelate complex [Pt(SCH 2 CH 2 PPh 2 ,k 2 P, S ) 2 ](1)h as been obtained in good yields by direct base-free substitution reaction of the corresponding thiol with K 2 PtCl 4 or by oxidative additiono ft he thiol to Pt(PPh 3 ) 4 .T he XRD studies of this complex 1 shows a cis-P,P arrangementi na greement with the antisymbiosis rule. Density functional theory (DFT) calculations on 1 indicate that the cis geometry is preferred over the trans one for both thermodynamic and kinetic reasons. The rate determining step for the formationo fc omplex 1 is the final step, which involves an oxidative addition of the SÀHb ond of ap hosphanylthiol ligand into the Pt centera nd the reductiver elease of ah ydrogen molecule. Direct base-free reaction of [PtCl 2 (COD)] with one equivalent of the thiol produces the trinuclear complex [PtCl(m-SCH 2 CH 2 PPh 2 -k 2 P, S )] 3 (2)w ith square-planar coordination geometry around the platinum atoms and aP t 3 S 3 cycle in skew-boat conformation.O ur DFT calculations show that formation of the trinuclear structureo ccurs through ClPt(dppet) complex d.O nce this rather unstablei ntermediatei sf ormed, the formation of the trinuclear structure is ab arrierless and quite exergonic process. On the contrary,f ormation of the mononucleara nd dinuclears pecies involvesn on-negligible energy barriers andl eads to thermodynamically less stable products.
Experimental Section

Synthesis
General remarks:T he complexes were synthesized using standard Schlenk techniques under N 2 atmosphere. The solvents were dried by standard methods and distilled and deoxygenated before use. The C, H, and Sa nalyses were carried out using aC arlo-Erba microanalyser (Lakewood, USA).
1 HNMR spectra were recorded at 200 MHz on aB ruker DPX-200 spectrometer (Billerica, USA). Peak positions are relative to tetramethylsilane (TMS) as internal reference. 31 
X-ray crystal structure determination
Yellow crystals of 1 were obtained by slow evaporation of CH 2 Cl 2 / hexane solutions at rt. Yellow crystals of 2 were obtained by slow evaporation of aC H 2 Cl 2 solution. Measured crystals were prepared under inert conditions immersed in perfluoropolyether as protecting oil for manipulation. Crystal data are presented in Ta ble 1, and selected distances and angles in the captions of Figure 1a nd 4.
Data collection: Crystal structure determinations for 1 and 2 were carried out using aS iemens P4 diffractometer (Munich, Germany) equipped with an SMART1 000 CCD area detector,aM AC Science Co. rotating anode with MoKa radiation, ag raphite monochromator,a nd aS iemens low-temperature device (T = À120 8C). Fullsphere data collection was used with w and f scans. Programs used:D ata collection SMART, [29] data reduction SAINT, [30] and absorption correction SADABS. [31] Structure Solution and Refinement: Crystal structure solution was achieved using direct methods as implemented in SHELXTL [32] and visualized using the program XP.M issing atoms were subsequently located from difference Fourier synthesis and added to the atom list. Least-squares refinement on F 2 using all measured intensities was carried out using the program SHELX-93. All nonhydrogen atoms were refined including anisotropic displacement parameters. www.chemistryopen.org pound 2 crystallizes with one molecule in the asymmetric unit. Four of the benzenes rest linked to the phosphorous atoms are disordered in two orientations with an approximate ratio of 60:40. Although the triclinic crystal used for the structure determination of 2 was of extremely small dimensions (3 32 mm 3 ), an excellent dataset could be collected.
Computational methods
All the DFT calculations were performed at the generalized gradient approximation (GGA) level with the Gaussian09 set of programs, [33] using the M06 functional of Truhlar. [34] The electronic configuration of the molecular systems was described with the standard split-valence basis set with ap olarization function of Ahlrichs and co-workers for H, C, N, P, S, and Cl (SVP keyword in Gaussian). [35] For Pt we used the quasi-relativistic Stuttgart/Dresden effective core potential, with an associated valence basis set (standard SDD keywords in Gaussian09). [36] The geometry optimizations were carried out without symmetry constraints, and the characterization of the stationary points was performed by analytical frequency calculations. These frequencies were used to calculated unscaled zero-point energies (ZPEs) as well as thermal corrections and entropy effects at 298 Ka nd 1atm by using the standard statistical-mechanics relationships for an ideal gas. Energies were obtained via single point calculations on the M06-optimized geometries with triple zeta valence plus polarization (TZVP keyword in Gaussian) using the M06 functional as well. [30] In these single-point energy calculations, H, C, N, P, S, and Cl were described using the TZVP basis set, while for Pt, the SDD basis set was employed. On top of the M06/TZVP/M06/SVP energies, we added the ZPEs, thermal corrections obtained at the M06/SVP level. In addition, to calculate the reported Gibbs energies, we included solvent effects of aC H 2 Cl 2 solution estimated with the polarizable continuous solvation model PCM implemented in Gaussian09.
[37] The chemical potential is am easure of the tendency of the electrons to escape from the system. It is calculated from the partial derivative of the electronic energy with respect to the total number of electrons. The hardness, h,i sameasure of the resistance of ac hemical species to change its electronic configuration, and it is defined as the second-order partial derivative of the total electronic energy with respect to the total number of electrons. Using af inite difference approximation and the Koopmans' theorem, one obtains the expressions we have used for the calculation of the chemical potential and the hardness:
where e LUMO and e HOMO are the energies of the low unoccupied molecular orbital (LUMO) and the high occupied molecular orbital (HOMO), respectively.
